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Abstract: The axial capacity of a full height rectangular opening castellated steel beam with steel 
reinforcement stiffeners is proven to prevent Vierendeel failure mechanism. The effect is an increase in 
flexural capacity of the structure. Diameter of the steel reinforcement stiffeners is revealed to have an 
effect on its strength in resisting axial forces occur in the structure. However, size of the diameter is 
limited to the strength maximum value of the steel flange section in withstanding the moment force. 
Using optimal design of the castellated steel structure, this research aimed to find out the increase value 
of the axial capacity. There were two models of steel structures employed in the study, IWF 
200x100x5.5x8 and castellated beam 362x100x5.5x8, both were loaded with axial directions. Analyses 
were conducted using truss and pushover methods. Results of the study showed an increase in both 
flexural (36.81%) and axial (60.78%) capacities. The increase in the value of structure capacity mainly 
influenced by the stiffeners shortened the effective length of the structure. 
Keywords: castellated; pushover; steel structure 
 
1 Introduction 
Castellation process on IWF section refers to a cutting, made along a web section based on a 
certain form, then welded to re-join. The process results in a new section with an opening on its 
web section. This form is called castellated steel structure. Increases in the stiffness and flexural 
strength of beam due to magnification on inertia of cross-section are some among advantages of 
this new form of castellated steel structure in construction. The height increase in the castellated 
steel section without having changes on its weight results in the increase in the magnitude of the 
inertia of the cross-section. The openings on the web section make the beam more artistic and 
ease the pipping installation. Despite of its strengths, the castellated beam is prone to experience 
vierendeel mechanism due to formation of plastic hinges on the opening ends of the web section 
[1] [2] [3]. 
 The Vierendeel mechanism which occurs in the full height rectangular opening 
castellated steel beam decreases its capacity, thus it becomes smaller than the earlier section. 
This happens due to the plastic hinges at the opening ends of the web section [1] [3] [8]. The 
use of a cross-reinforcing steel stiffener in the full height rectangular opening castellated steel 
beam prevents the Vierendeel failure, thus, increases the flexural capacity of the castellated steel 
beam [1]. See Fig. 1 for the position and form of reinforcement steel stiffeners. 
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Fig. 1. The diagonal stiffener on the full height rectangular opening castellated beams 
 
In addition to improving the flexural capacity, the steel reinforcement stiffeners in the 
castellated structures can also be used to increase the value of axial capacity. The smaller the 
value of an effective span of a structure, the less likely the local buckling failure to occur [4]. 
This research aimed to obtain the increase in the axial capacity influenced by the castellation 
process and the addition of steel reinforcement stiffeners on IWF section 200x100x5.5x8. 
2 Research Method 
Test object of the study was IWF section 200x100x5.5x8 modified into the castellated model 
with a dimension of 362x100x5.5x8. This castellated section had a cross-sectional height of h = 
362 mm, cross-sectional width of b = 100 mm, flange thickness of tf = 8 mm, and web thickness 
of tw = 5.5 mm. Grade of steel used in the study belonged to BJ37. This material was selected as 
it had a yield stress of  fy = 240 Mpa. The span of structure, L = 3 m, was determined in 
accordance with its limit to avoid lateral torsional buckling [3]. The castellated structure had a 
hole width of 130 mm. A steel reinforcement with a diameter of 16 mm, an optimization from 
the castellated structure with the width of 130 mm [5] [9], was used as a stiffener in the 
structure. The plastic moment capacity of IWF beam (Mp) were calculated using following 
equation (1) [6]. 
 
 
xyp ZfM   (1) 
See Table 1. for the specifications of the castellated steel structure model and Fig. 2 for the 
sketch of longitudinal cross-section . 
 
Table 1. The dimension of the castellated steel structure 
Elements of castellated section Dimension (mm) 
Height of cross-section 362 
Width of cross-section 100 
Web thickness 5.5 
Flange thickness 8 
Opening/hole width 130 
Non-offset length of stiffener 239 
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Fig. 2. The longitudinal cross section of the castellated structure 
2.1 Truss Analysis 
Diagonally positioned stiffener formation made the load transfer in the castellated structure 
similar to the one of the formation in the truss structure system [1]. The truss system analysis 
eased a planning for castellated structure. In the truss analysis, only compression and tension 
element were taken into account to determine the load capacity value. Below is the equation 




Pn = tension axial capacity (N) 
fy = yield stress of steel (MPa) 
Ag = Cross-section area (mm2) 
 
Calculation of compression elements based on SNI-1729-2015 was determined in accordance 
with the type of geometric shape of the cross section [7]. In the castellated structures, 
compressive elements had solid rectangular and circle shapes. Therefore, capacity of the 





Ag was the cross-section area and fcr was the critical stress (MPa) determined based on the 





λ = Effective slenderness ratio 
K = Effective length factor 
L = Length of the span 
r = Gyration radius 
 
From calculating the slenderness ratio, the value of critical stress was enumerated using the 
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E = modulus of elasticity (MPa) 
fe = elastic bending stress (MPa) 
 






f e   (9) 
2.2 Pushover Analysis 
In general, the pushover analysis stage was carried out with a two dimensional frame model on 
SAP2000. The loading pattern, steel hinge properties and load case pushover should be defined 
in the model [4]. After an analysis process was carried out, the output result could be found in 
the pushover analysis curve. The castellated structure model on SAP2000 is shown in Fig. 3. 
   
Fig. 3. The modelling of the castellated steel column structure on SAP2000 
Steel hinge properties were determined based on the material stress and deformation which 
occurred in the castellated beam elements. Compressive structural elements would experience a 
critical stress, while tensile structural elements would experience yield stress. The deformation 
value of the elements was calculated using the following equation: 
   L  (10) 
δ was the axial displacement (mm), L was the length of the calculated element span (mm), and ε 
was strain value of material (mm/mm). 
3 Results and Discussion 
3.1 The moment strength of the strong axis direction 
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Analysis results in nominal moment strength of the strong axis direction showed that the 
strength review was seen from the flange strengh and steel reinforcement elements in resisting 
the compressive forces [6]. The nominal compressive forces which occured in the flange and 
stiffener can be seen in Table 2 below: 
 
Table 2. The compressive strength of the elements in castellated structure 
Element(s) Compressive strength 
Condition of fixed 
supported system 









Using data in Table 2, an iteration analysis was carried out to obtain maximum centered load 
value which the castellated structure could withstand. From the iteration process, the maximum 
load value of 89.84 kN was obtained. With the load, the axial force occured on the flange 
element was 186.13 kN while the axial force on the reinforcing steel was 26.77 kN. Since the 
value of the axial force was equal to the compressive strength on the flange element, failure was 
indicated to occur in the element (flange element). However, the maximum load of 89.84 kN 
could be converted to the nominal moment strength of 67.38 kNm. 
Results of the pushover analysis using SAP 2000 program showed that the castellated structure 
was able to withstand a maximum load of 88.74 kN. This maximum load was converted into a 
nominal moment strength of 66.56 kNm. See Fig. 4. and Fig. 5. below to find out the outputs of 
the pushover SAP 2000 analysis. 
 
 
Fig. 4. The load-deflection curve of the pushover SAP 2000 analysis 
 
 
Fig. 5. The conditions of the deflection and failure mechanism in the castellated structure 
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As a comparison, the flexural strength of IWF section 200x100x5.5x8 was calculated based on 
SNI-1729-2015 and resulted in a value of 48.65 kNm. This means manufacturing process of the 
castellated structure could increase the value of flexural strength from 48.65 kNm to 66.56 kNm 
(increase 36.81%). 
3.2 Moment Capacity in Weak Axis Direction 
In compact section classification, the weak axis direction nominal moment value of IWF section 
was calculated based on the plastic section modulus strength of the flange element [6]. The 
castellated steel structure 362x100x5.5x8 had a yield section modulus value of 40000 mm3. 
Nominal moment of the weak axis direction was obtained by multiplying the plastic section 
modulus with the stress value of the steel material. The result was a nominal moment in the 
weak axis direction of 9.6 kNm. The nominal moment of the weak axis direction of IWF section 
200x100x5.5x8 was calculated using the same method and resulted in the value of 9.93 kNm. 
From this analysis, the castellated system did not have a significant effect in increasing the 
nominal moment of the weak axis direction. See Fig. 6. below for more detail. 
 
 
Fig. 6. The nominal moment of the weak axis direction 
3.3 The axial strength analysis 
The critical stress was calculated using equations (4), (5), (6), (7), (8), and (9). From these 
calculations a critical stress value of 97.89 Mpa was obtained. The critical stress affected the 
axial strength value of IWF section. Using the equation (3), the axial strength value of IWF 
section of 255 kN was obtained. 
See Table 3 and Fig. 7 below for the pushover analysis output of the axial compressive strength 
of the castellated steel structure. The strength value of the structure is 409.89 kN. It means there 
happened a significant increase (60.78%) from the original strength of the previous IWF 
section. The cross reinforcement on the structure acted as a stiffener, as a result, the effective 
length value, Lb, was shorter. The smaller the value of the effective length of the structure, the 
greater the compressive strength. 
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3 1.80 312.29 
4 2.29 397.59 
5 3.15 409.89 
6 3.15 119.28 
7 3.95 129.84 
8 4.55 129.65 
9 5.15 129.47 
10 5.54 129.34 
 
 
Fig. 7. The curve of the axial force-deformation from the pushover analysis. 
3.4 The curve of moment-axial interaction 
Curve of moment-axial interaction was used to determine the safety of the column structure in 
resisting the combination of axial and moment forces. For steel structures, a moment-axial 
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Pr = axial force (N), Pc = compressive strength (N), Mrx = moment force of a strong axis 
direction (Nmm), Mry = moment force of a weak axis direction (Nmm), Mcx = nominal moment 
capacity of a strong axis direction (Nmm), Mcy = nominal moment capacity of a weak axis 
direction (Nmm). 
The moment-axial interaction curves were obtained for both strong and weak axes as shown in 
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Fig. 8. The moment-axial Interaction curve from the strong axis direction 
 
 
Fig. 9. The moment-axial interaction curve from the weak axis direction 
 
Fig. 9. and Fig. 10. show the combination of nominal axial and nominal moment 
capacities. Highest increase occurred only in the strong axis direction, but not in the weak axis 
direction. Rather increasing the nominal moment for the weak axis, the castellated process only 
effectively increased the nominal moment value for the strong axis direction. 
4 Conclusion 
The local conclusions to be drawn based on the study are : 
1. There happened the increase of 36.81% in the nominal moment of the strong axis direction 
due to the castellation process. Steel reinforcement as a stiffeners in the study was 
reported to be capable of negating the effect of Vierendeel. 
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3. The compressive axial strength in the castellated steel structure increased by 60.78%.  
Fairly tight installation on the reinforcement stiffeners caused this significant raise, 
as the result, the value of effective width became smaller and reduced the effect of 
the local buckling on the structure. 
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